Dimerization and phosphorylation of the epidermal growth factor (EGF) receptor (EGFR) are the initial and essential events of EGF-induced signal transduction. However, the mechanism by which EGFR ligands induce dimerization and phosphorylation is not fully understood. Here, we demonstrate that EGFRs can form dimers on the cell surface independent of ligand binding. However, a chimeric receptor, comprising the extracellular and transmembrane domains of EGFR and the cytoplasmic domain of the erythropoietin receptor (EpoR), did not form a dimer in the absence of ligands, suggesting that the cytoplasmic domain of EGFR is important for predimer formation. Analysis of deletion mutants of EGFR showed that the region between 835 Ala and 918 Asp of the EGFR cytoplasmic domain is required for EGFR predimer formation. In contrast to wild-type EGFR ligands, a mutant form of heparin-binding EGF-like growth factor (HB2) did not induce dimerization of the EGFR-EpoR chimeric receptor and therefore failed to activate the chimeric receptor. However, when the dimerization was induced by a monoclonal antibody to EGFR, HB2 could activate the chimeric receptor. These results indicate that EGFR can form a ligand-independent inactive dimer and that receptor dimerization and activation are mechanistically distinct and separable events.
INTRODUCTION
Epidermal growth factor receptor (EGFR), a member of the ErbB family of receptor tyrosine kinases, was the earliest noted growth factor receptor. EGFR is an ϳ180-kDa transmembrane glycoprotein consisting of an extracellular domain containing two cysteine-rich regions, a single transmembrane domain, and an intracellular domain. EGFR has several ligands with similar structures, including EGF, transforming growth factor ␣, heparin-binding EGF-like growth factor (HB-EGF), amphiregulin, betacellulin, and epiregulin (Marquart et al., 1984; Shoyab et al., 1989; Higashiyama et al., 1991; Shing et al., 1993; Toyoda et al., 1995) . The first step in EGFR activation is receptor dimer formation. EGF family molecules activate an EGFR homodimer and an EGFR heterodimer with other ErbB receptors (Tzahar and Yarden, 1998) . Dimerized EGFR induces autophosphorylation of tyrosine residues in the carboxyl terminal of EGFR by its own kinase domain. The resulting phosphorylated tyrosine residues serve as binding sites for molecules containing Src homology 2 domains and initiate intracellular signaling cascades linked to versatile cellular responses, including regulation of gene expression.
Although dimerization and autophosphorylation are the critical events in the activation of EGFR (Yarden and Schlessinger, 1987a,b) , the precise mechanisms underlying these events have not been fully elucidated. EGF-induced dimerization of EGFR has been demonstrated in a number of studies, many of which made use of covalent cross-linking agents (Cochet et al., 1988; Lax et al., 1988; Lax et al., 1989; Tanner and Kyte, 1999) . Circular dichroism analysis and steady-state fluorescence measurements show that EGF induces a conformational change in the EGFR ectodomain (Greenfield et al., 1989) , which may be the basis of EGFR activation. Electron microscopy shows that the ligand not only induces a conformational change of the soluble form of EGFR but also stimulates its oligomerization (Lax et al., 1991) . Small-angle x-ray scattering assays and isothermal titration calorimetry suggest that the stoichiometry of the ligand binding to soluble EGFR is 2:2 . Dimerization of EGFR and activation of its tyrosine kinase are coincidental events (Canal, 1992) ; thus, it has been thought that dimerization and activation of EGFR are mechanistically indistinguishable events.
Studies for determining fluorescence resonance energy transfer on fixed A431 cells (Gadella and Jovin, 1995) or single-molecule imaging of EGFR on the surface of living A431 cells (Sako et al., 2000) have implied that preformed dimers of EGFR may exist in intact cell membranes without ligand stimulation. Earlier studies of A431 cells by sucrose density gradient centrifugation or cross-linking also showed that EGFR could form dimers without exogenous ligand stimulation (Boni-Schnetzler and Pilch, 1987; Cochet et al., 1988) . However, these studies did not exclude the possibility that EGFR dimers were induced by EGFR ligands provided from the A431 cells themselves (Van de Vijver et al., 1991) . Thus, there is no direct evidence to prove the existence of ligand-independent EGFR dimer. We demonstrate here ligand-independent EGFR dimers using Ba/F3 cells and other cell lines. We found that such ligand-independent EGFR dimers were not activated. Comparison of EGFR with an EGFR-erythropoietin receptor (EpoR) chimeric receptor and the use of a HB-EGF mutant indicated that dimer formation and the activation of EGFR are distinguishable processes.
MATERIALS AND METHODS

Reagents and Antibodies
Human recombinant EGF was purchased from Boehringer-Mannheim Co. (Indianapolis, IN). Rabbit anti-EGFR antibody, mouse anti-Cbl monoclonal antibody (mAb), rabbit anti-hemagglutinintag antibody, rabbit anti-myc antibody, and rabbit anti-signal transducer and activator of transcription (STAT) 5 were all acquired from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). Mouse anti-EGFR mAb (clone LA1) was purchased from Upstate Biotechnology Inc. (Charlottesville, VA), mouse anti-EGFR mAb (clone EGFR.1) from Neo Markers, horseradish peroxidase (HRP)-conjugated goat antimouse immunoglobulin G (IgG) from Zymed Laboratories Inc. (San Francisco, CA), HRP-conjugated goat anti-rabbit IgG from Chemicon International Inc. (Temecula, CA), mouse anti-phosphotyrosine mAb (6D12) from MBL Co (Nagoya, Japan), and mouse antiFlag mAb (M2) from Sigma Chemical Co. (St. Louis, MO). Rabbit anti-mitogen-activated protein kinase (MAPK) and phospho-MAPK antibody were purchased from New England Biolabs Inc. (Beverly, MA).
Plasmid Construction
A plasmid encoding a glutathione S-transferase (GST) fusion protein containing the EGF-like domain of proHB-EGF, corresponding to amino acids 106 -149 of human proHB-EGF, was constructed by insertion of the corresponding cDNA sequences of proHB-EGF into the EcoRI/BamHI sites of the pGEX-3X plasmid (Pharmacia). The inserted DNA fragment encoding proHB-EGF was prepared by polymerase chain reaction using plasmid pRTHG-1 (Mitamura et al., 1995) as a template. The resulting GST fusion protein, referred to as HB1, encompasses the entire EGF-like domain. Next, HB2, a GST fusion protein containing a mutated EGF-like domain of proHB-EGF, was produced: The coding sequence of proHB-EGF cDNA was mutated from 379 CGGAAA to CTTTCA and from 388 AAG to GAC.
These substitutions resulted in amino acid alterations from 110 Arg-111 Lys to Lys to Asp. cDNA of the resulting mutant proHB-EGF, corresponding to amino acids 106 -149 and containing the above substitutions, was inserted into the EcoRI/BamHI sites of the pGEX-3X plasmid. Truncated EGFR mutants were constructed: pRc/CMV-HA was constructed by the insertion of a DNA fragment encoding the HA-tag epitope into the XbaI site of pRc/CMV (Invitrogen, San Diego, CA). Deletion of EGFR was generated by polymerase chain reaction using pTJNEO-EGFR (Gotoh et al., 1992) as the template, and synthesized products were inserted between the HindIII and XbaI sites of pRc/CMV-HA. The sequence of each EGFR mutant was confirmed by sequence analysis.
Purification of GST Fusion Protein
The GST fusion proteins were purified with glutathione Sepharose 4B (Pharmacia, Piscataway, NJ) according to the manufacturer's instructions. GST-HB1 and GST-HB2, eluted from glutathione Sepharose, were dialyzed against HEPES-buffered saline (20 mM HEPES, 150 mM NaCl, pH 7.2) for use in the following experiments. Protein concentrations were determined by the Bradford method using BSA as a standard.
Cell Culture and Transfection
Ba/F3 cells were cultured in RPMI 1640 medium containing 10% fetal calf serum (FCS) and 5% WEHI-3 cell-conditioned medium as a source of interleukin 3 (IL-3). Stable transformants of Ba/F3 cells expressing EGFR or EGFR-EpoR were obtained by selection in medium containing G418 as previously described (Iwamoto et al., 1999) . COS-7 cells were maintained in DMEM with 10% FCS. Chinese hamster ovary (CHO) cells were cultured in Ham's F12 medium with 10% FCS. Transfection was carried out by electroporation (Gene Pulser, Bio-Rad, Richmond, CA) according to the manufacturer's instructions.
Treatment with EGF Ligands
Before cross-linking and coimmunoprecipitation assays, cells indicated were incubated with 100 nM of EGF or the recombinant forms of HB-EGF for 3 min, washed with PBS, and then used for further analysis.
Chemical Cross-linking
Chemical cross-linking was carried out as described previously, with minor modifications (Iwamoto et al., 1994) . Briefly, the cells were washed with PBS (137 mM NaCl, 0.67 mM KCl, 8 mM Na 2 HPO 4 , 1.4 mM KH 2 PO 4 ) three times and incubated for 30 min at 4°C with 1 mM dithiobis-(sulfosuccinimdylpropionate) (DTSSP) (Pierce Chemical Co., Rockford, IL) in PBS, followed by washing three times with Tris-buffered saline (TBS) (20 mM Tris-HCl, 100 mM NaCl, pH 7.5) before use in the following studies.
Immunoprecipitation and Immunoblotting
Cells were lysed with 1% Triton X-100 in lysis buffer (0.15 M NaCl, 2 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1 mM NaVO 4 , 50 mM Tris pH 7.5) and then centrifuged for 20 min at 15,000 ϫ g. The supernatants were cleared with Sepharose 4B for 1 h and then incubated with primary antibody for 2 h, followed by addition of Sepharose 4B-conjugated secondary antibody. The Sepharose beads were washed three times with lysis buffer and once with deionized water and then were boiled for 5 min in SDS-PAGE sample buffer with or without 50 mM dithiothreitol. Samples were run on SDS-PAGE and electrotransferred to an Immobilon membrane. The membrane was blocked with 3% skim milk in TBS (20 mM Tris, 0.1 M NaCl, pH 7.5) at 37°C for 1 h, then incubated with primary antibody in TBS containing 1% skim milk at room temperature for 1 h. Next, the membrane was washed four times with TTBS (TBS containing 0.05% Tween 20), incubated with HRP-conjugated sec-ondary antibody, and finally analyzed with an ECL-Western blotting kit (Amersham International plc, Buckinghamshire, England).
DNA Synthesis Assay
Cells were seeded into 24-well plates at a density of 5 ϫ 10 4 cells/well with or without each EGF ligand in fresh RPMI 1640 medium containing 10% serum, then cultured at 37°C for 24 h and incubated with [ 3 H]thymidine (37 kBq/ml) for 4 h. Cells were harvested, and radioactivity incorporated into DNA was determined as described previously (Iwamoto et al., 1999) . The rate of DNA synthesis was expressed as a percentage of the average of the maximum value (40,000 cpm).
Preparation of Fab Fragment
Anti-EGFR mAb (EGFR.1), 1 mg/ml, was incubated with papain (0.1 mg/ml) in PBS at 37°C for 18 h, at which point iodoacetamide (30 mM) was added to stop the reaction. The mixture was dialyzed in PBS at 4°C for 12 h and then purified with goat antimouse IgG Fc antibody conjugated to Sepharose 4B. The size of the Fab fragment was checked by SDS-PAGE, and the Fab concentration was determined by measuring absorbance at 280 nm.
RESULTS
EGF Receptor Exists as an Inactive Dimer without Ligand
Ba/F3 cells are an IL-3-dependent preB-lymphocyte cell line and do not express endogenous murine EGFR, ErbB2, and ErbB4. Although the expression of the detectable amount of ErbB3 transcript was reported (Riese et al., 1995) , we did not detect ErbB3 in this cell line at the protein level. BE cells (Ba/F3 cells expressing EGFR), which were generated by transfection of Ba/F3 cells with vectors encoding human EGFR, can respond to and proliferate with EGF and other EGFR ligands. In the absence of IL-3, BE cells can proliferate in an EGFR ligand-dependent manner. Therefore, this cell line allows EGFR activation to be monitored precisely by measuring cell proliferation.
To examine the oligomeric state of EGFR, we undertook a cross-linking analysis with DTSSP, a membrane-impermeable homobifunctional reagent. BE cells cultured in serumfree medium were preincubated with or without EGF and then treated with DTSSP. The cell lysate was immunoprecipitated with anti-EGFR antibody, followed by SDS-PAGE and Western blotting using an anti-EGFR antibody. In the absence of DTSSP, EGF induces dimerization and activation of EGFR, but the dimers are separated into monomers upon SDS electrophoresis. Therefore, only the monomeric 180-kDa form of EGFR was detected by the anti-EGFR antibody ( Figure 1A ). When EGF-stimulated BE cells were treated with DTSSP, a 360-kDa polypeptide, corresponding to the size of the EGFR dimer, was detected by the anti-EGFR antibody in addition to the 180-kDa EGFR monomer. It should be noted that this 360-kDa molecule was observed in samples from unstimulated BE cells treated with DTSSP. Neither the 360-kDa nor 180-kDa bands were observed when Ba/F3 cells that did not express EGFR were treated with DTSSP (data not shown), thus excluding the possibility of a nonspecific cross-reaction of the anti-EGFR antibody with polypeptides unrelated to EGFR.
To obtain further evidence that the 360-kDa band represents EGFR homodimers, we performed a cross-linking analysis using cells whose surface was prelabeled by the biotinylation reagent sulfo-N-hydroxysulfosuccinimide-biotin. After cross-linking with DTSSP, the cell lysate was immunoprecipitated with anti-EGFR antibody, and the precipitated material was subjected to SDS-PAGE in the pres- ence or absence of a reducing agent. Because DTSSP is cleaved in the presence of a reducing agent, cross-linked proteins would be split into their monomeric forms. In the absence of the reducing agent, the 360-kDa and 180-kDa polypeptides were detected by Western blotting with streptavidin-HRP, whereas only the 180-kDa polypeptide was detected in the presence of the reducing agent ( Figure  1B) , indicating that the 360-kDa cross-linked dimers had been reduced to 180-kDa EGFR monomers. BE cells do not express any other ErbB family proteins, excluding the possibility of heterodimer formation of EGFR with other ErbB family receptors.
To confirm the formation of EGFR homodimers, we performed coprecipitation assays using two kinds of epitopetagged EGFR constructs. EGFR-Flag and EGFR-myc contain Flag and Myc tags, respectively, in the C-terminal region of EGFR. EGFR-Flag and EGFR-myc were cotransfected into COS-7 cells and incubated in serum-free media. The cell lysates were precipitated with anti-Flag antibody, and the precipitated material was analyzed by Western blotting using the anti-Myc antibody, or vice versa. Figure 1C shows that EGFR-myc coprecipitated with the anti-Flag antibody, and EGFR-Flag coprecipitated with anti-Myc antibody, from cell lysates prepared by culturing cells in the absence of EGF ligands. This confirms the ability of EGFR to form homodimers in the absence of ligand stimulation.
The above results indicate that EGFR, or at least some of the EGFR molecules on the cell surface, may exist as dimers in the absence of ligand stimulation. Although it appears that EGFR activation should not be able to occur without EGF binding, our use of BE cells preincubated with serumfree medium 2 h before the cross-linking study led us to explore the activation state of preformed EGFR dimers under serum-free conditions. When EGF-treated BE cells were analyzed by the cross-linking assay, the 360-kDa homodimer and the 180-kDa monomer of EGFR were highly phosphorylated, as demonstrated by an anti-phosphotyrosine antibody ( Figure 1D ). In EGF-untreated cells, however, both EGFR homodimers and monomers were found to be not highly phosphorylated. Although a weak band of 180 kDa appeared, it was the basal-level phosphorylation of unstimulated EGFR ( Figure 1D ). Cbl and MAPK, downstream substrates of the EGFR signal, were also unphosphorylated ( Figure 1D ), supporting the case for an inactive state of EGFR.
Ligand-independent Dimer Formation Requires the Cytoplasmic Domain of EGFR
The EGFR-EpoR chimeric receptor, designated Ϫ108 (Iwatsuki et al., 1997), brings together the extracellular and the transmembrane domains of EGFR with part of the cytoplasmic domain of EpoR and is linked to an HA tag at its carboxy terminus. Cells expressing this chimeric receptor proliferate under the influence of EGFR ligands (Ohashi et al., 1994) . The chimeric receptor was used to examine whether the cytoplasmic domain of EGFR is required for the predimer formation. Like BE cells, B108 cells, stable transformants of Ba/F3 cells expressing chimeric receptor, can respond and proliferate upon stimulation with EGF and other EGF ligands. B108 cells were preincubated with or without EGF, treated with DTSSP, lysed, and finally analyzed by SDS-PAGE and Western blotting. The monomeric form of the chimeric receptor gives a band of ϳ120 kDa in SDS gels (Figure 2A ). When B108 cells were stimulated with EGF and then treated with the cross-linker DTSSP, a dimer of the chimeric EGFR-EpoR molecule of ϳ240 kDa was observed in addition to the monomer (Figure 2A) . However, unlike wild-type EGFR, dimers of the chimeric receptor were not observed in the absence of EGF stimulation (Figure 2A) .
The EGFR-EpoR chimeric receptor was further studied by coimmunoprecipitation experiments. Both wild-type EGFR and the EGFR-EpoR chimeric receptor were transiently expressed in COS-7 cells, which were then treated with or without EGF. The cell lysates were immunoprecipitated for coprecipitation assay with an anti-HA-tag antibody, which recognizes the EGFR-EpoR chimeric receptor, or an anti-EGFR antibody, which specifically recognizes the cytoplasmic domain EGFR and does not bind to the EGFR-EpoR chimeric receptor. When cells were treated with EGF, the EGFR-EpoR chimeric receptor coprecipitated with EGFR and the anti-EGFR antibody, as confirmed by Western blot- ting using an anti-HA-tag antibody ( Figure 2B) . However, such coprecipitation of the EGFR-EpoR chimeric receptor was not observed without EGF stimulation ( Figure 2B ). Similar results were obtained by immunoprecipitation with the anti-HA antibody, in which the coprecipitation of wild-type EGFR was detected by the anti-EGFR antibody ( Figure 2C ). These results, together with the results of the cross-linking experiments, indicate that the EGFR-EpoR chimeric receptor does not homodimerize in the absence of ligand stimulation and that the cytoplasmic domain of EGFR is required for formation of such predimers.
To confirm the role of the cytoplasmic domain of EGFR in its predimer formation and to narrow down the responsible region, we made a series of truncation mutants of EGFR. The mutants ED1-ED5 possess the protein kinase domain but are lacking parts of the autophosphorylation domain, whereas ED6 -ED9 are lacking either part of or all of the kinase and the autophosphorylation domains ( Figure 3A) . All the EGFR mutants were transiently expressed in CHO cells, and the cross-linking assay was performed. Mutants from ED1 to ED6 formed homodimers without EGF stimulation, whereas ED7, ED8, and ED9 failed to form predimers ( Figure 3B ). However, in the presence of EGF stimulation, all the truncated EGFR mutants were induced to form homodimers ( Figure 3C ). Because ED7, ED8, and ED9 are lacking part or all of the kinase domain, these mutants could not generate signals to activate the MAPK pathway on EGF treatment ( Figure 3C ). These results indicate that the region between 835 Ala and 918 Asp is important for both EGFR predimer formation and EGFR activation.
EGFR-EpoR Chimeric Receptor and EGFR Show Different Mitogenic Responses
Because EGFR predimer formation and activation require a similar region, it is difficult to use EGFR truncation mutants to study the biological significance of EGFR predimer formation. To further explore the biological significance of preformed EGFR dimers, we studied wild-type EGFR and EGFR-EpoR chimera and compared their physiological reactions to treatment with EGFR ligands. First, we examined the mitogenic response, as measured by the level of DNA synthesis activity, of BE and B108 cells upon stimulation with EGF or related ligands. Figure 4 , C and D, show that DNA synthesis in BE and B108 cells is stimulated equally by EGF. Mitogenic responses were also studied for two kinds of recombinant HB-EGF molecules. HB1 is a GST fusion protein of HB-EGF containing only the EGF-like domain of human HB-EGF, whereas HB2 is similar to HB1 but has substitutions of three amino acid residues in the EGF-like domain ( Figure 4A ). Like EGF, HB1 stimulated DNA synthesis equally in BE and B108 cells. However, HB2 was a less efficient mitogen for B108 cells. HB2 at 3 and 30 nM induced DNA synthesis in BE cells to ϳ38 and 70% of maximum induction, respectively, but not at all in B108 cells. Fifty times more HB2 was necessary to achieve the same 40% of maximum induction in B108 compared with BE cells.
The number of the EGFR-EpoR chimeric receptors on B108 cells is 2 times less than that of EGFR on BE cells ( Figure 4B ). To examine whether or not the different mitogenic response of B108 cells to HB2 is a result of the lesser amount of receptor molecules on the cell surface, we isolated another clone of Ba/F3 cells that expresses a smaller amount Figure 4B , BE2 cells express EGFR, but the number of EGFRs on the cell surface is ϳ9 times less than that of BE cells. BE2 cells showed a mitogenic response to HB2 similar to that of HB1 ( Figure 4E ), also as in BE cells, indicating that the different mitogenic response of B108 cells to HB2 is not caused by the smaller amounts of receptor molecules on the cell surface.
Defect of HB2 in the Dimerization of EGFR-EpoR Chimeric Receptor
We have shown in this study that the wild-type EGFR, but not the EGFR-EpoR chimera, forms homodimers even in the absence of EGFR ligands. We explored whether the decreased mitogenic response of B108 cells to HB2, compared with that of BE cells, is related to their inability to form dimers in the absence of ligand. Cross-linking analysis by DTSSP indicated that, whereas homodimer formation in BE cells is EGFR ligand-independent, phosphorylation of the EGFR homodimer and the subsequent activation of downstream signaling molecules are ligand-dependent (Figure 1) . Like EGF and HB1, HB2 stimulated phosphorylation of the EGFR homodimer and MAPK in BE cells ( Figure 5A ). In the case of the EGFR-EpoR chimeric receptor, treatment of B108 cells with EGF or HB1 resulted in dimer formation and the activation of MAPK and STAT5, the substrates downstream of EpoR ( Figure 5B ). However, neither chimeric receptor dimer formation nor MAPK/STAT5 activation was induced by treatment of B108 cells with HB2.
The above results, including the failure of HB2 to induce chimeric receptor dimer formation, lead to the hypothesis that HB2 activates EGFR only when it exists as a preformed dimer. To examine this possibility, we decided to induce chimeric receptor dimer formation artificially using an mAb directed to EGFR. The anti-EGFR antibody used in this experiment (EGFR.1) recognizes the extracellular domain of EGFR but neither activates EGFR nor inhibits ligand binding (Waterfield et al., 1982) . The ability of the antibody to induce dimers was first monitored by coimmunoprecipitation assay. Plasmids encoding EGFR and EGFR-EpoR chimeric receptor were cotransfected into COS-7 cells. Cells were treated with the anti-EGFR mAb, and the cell lysates were subjected to coprecipitation assay. As shown in Figure 6A , EGFR and EGFR-EpoR chimeras coprecipitated with each other, indicating that the anti-EGFR antibody can induce ligand-independent dimer formation between the EGFR and EGFR-EpoR chimera. Figure 6B also demonstrates antibodymediated formation of EGFR-EpoR chimeric receptor dimers in B108 cells, as demonstrated by the cross-linking assay. B108 cells were first incubated with the EGFR.1 antibody and then treated with DTSSP. Western blotting using an anti-HA-tag antibody detected the formation of highmolecular-weight bands corresponding to or higher than the size of the chimeric receptor homodimer. Such high-molecular-weight bands were not observed in control cells that were not treated with the EGFR.1 antibody. However, analysis of the phosphorylation states of MAPK and STAT5 revealed that the antibody-mediated dimer or oligomer formation did not activate the chimeric receptor, in contrast to EGF-induced homodimer formation ( Figure 6C ).
Next, we compared the mitogenic activities of EGF, HB1, and HB2 with both BE and B108 cells in the presence or absence of the EGFR.1 antibody. DNA synthesis induced by EGF, HB1, and HB2 in BE cells and by EGF and HB1 only in B108 cells was not affected by the presence of the EGFR.1 antibody ( Figure 7A) . However, the mitogenic activity of HB2 on B108 cells was increased by ϳ10 times in the presence of 1 g/ml of the EGFR.1 antibody. This effect of the EGFR.1 antibody on the mitogenic activity of HB2 was lost when only the Fab fragment of the EGFR.1 antibody was used ( Figure 7B ), indicating that bivalency of the antibody is required for its effect.
From these results, we concluded that the mitogenic activity of HB2 is greatly affected by the presence or absence of preformed EGFR dimers, whereas EGF and HB1 are less affected by the oligomerization state.
DISCUSSION
Crosslinking studies using the chemical cross-linker DTSSP have provided biochemical evidence for the existence of a ligand-independent preformed dimer of EGFR in BE cells. Conversely, ligand-independent dimer formation was not observed with an EGFR-EpoR chimeric receptor, excluding the possibility that the bifunctional cross-linker itself artificially forms the dimer. By cross-linking studies and by single-molecule analysis (Sako, Yu, Mekada, and Yanagida, unpublished observations), we have also observed that EGFR expressing in another cell line (CHO cells) forms a ligand-independent dimer, whereas the EGFR-EpoR chimeric receptor expressed in the same cell line does not. Thus, the present results are not specific for Ba/F3 cells. Because DTSSP cannot penetrate the cell membrane, the preformed EGFR dimer must be on the plasma membrane. Phosphorylation analysis of EGFR and its downstream signaling molecules demonstrates that EGFR is not activated under serum-free conditions. In addition, using epitopetagged EGFRs in coimmunoprecipitation assays, we confirmed the physical interaction between the two kinds of epitope-tagged EGFRs in COS-7 cells. Taking into account all earlier studies (Boni-Schnetzler and Pilch, 1987; Cochet et al., 1988; Gadella and Jovin, 1995; Sako et al., 2000; Moriki et al., 2001) , we conclude that EGFR forms dimers or oligomers on the cell surface in the absence of ligand stimulation.
Our work also indicates that EGFR dimer formation is not sufficient for receptor activation and downstream signaling. The amount of cross-linked EGFR dimers on BE cells was almost the same in EGF-treated or -untreated cells. However, phosphorylation assays of EGFR and its downstream molecules Cbl and MAPK indicate that EGF-untreated dimers are not activated at all. Although weak phosphory- (108). The transfected cells were incubated with anti-EGFR mAb (EGFR.1) for 2 h. Cells were lysed, and the cell lysates were subjected to the coimmunoprecipitation assay as described in MATERIALS AND METHODS and Figure 2. (B) Cross-linking assay of antibody-mediated formation of EGFR-EpoR chimeric receptor dimers. B108 cells were incubated with anti-EGFR mAb (Ab) or EGF (E) and then treated with or without DTSSP. Cells were lysed, and cell lysates were immunoprecipitated by anti-HA antibody. Precipitated materials were analyzed by SDS-PAGE and immunoblot using an anti-HA antibody. (C) The activation state of the antibody-mediated chimeric receptor dimer. B108 cells were incubated with anti-EGFR mAb (EGFR.1) (Ab) or EGF (E) and then lysed. The lysates were separated by SDS-PAGE, followed by immunoblotting with antiphosphorylated MAPK or anti-MAPK antibody. An equal amount of cell lysate was subjected to immunoprecipitation with rabbit anti-STAT5 polyclonal antibody and then immunoblotted with antiphosphotyrosine mAb or anti-STAT5 antibody. Figure 7 . Effect of antibody-mediated formation of the chimeric receptor dimers on the mitogenic activities of EGF, HB1, and HB2. (A) BE and B108 cells were cultured with EGF, HB1, or HB2 in the presence or absence of anti-EGFR mAb (EGFR.1, 1 g/ml) for 24 h, followed by incubation with [lation of Cbl and EGF-untreated EGFR monomers was seen in some cases, it was basal-level phosphorylation probably caused by the insufficient serum starvation. In addition, the bivalent anti-EGFR mAb used here can induce dimer formation without EGFR activation. In contrast to the ligandindependent dimerization state, binding of EGFR ligands, such as EGF and HB-EGF, to EGFRs results in strong activation of the receptor. These results clearly show that dimer formation is not enough for receptor activation. A similar phenomenon has also been demonstrated in EpoR and other receptor systems (Burke et al., 1997; Constantinescu et al., 2001) . Therefore, the present conclusion that dimerization is not sufficient for receptor activation should be applicable to other receptor systems (Jiang and Hunter, 1999) .
In this study, we used two kinds of recombinant HB-EGF. HB1, which contains the EGF-like domain of human HB-EGF, showed mitogenic activity similar to that of EGF. HB2, which covers the EGF-like domain of human HB-EGF but has three basic amino acids, which are thought to contribute in part to the heparin-binding property of HB-EGF, was replaced with the corresponding amino acids from EGF. The initial purpose of making these substitutions was to inactivate the heparin-binding region of HB-EGF and to examine instead its diphtheria toxin-binding activity, because interaction of the heparin-binding domain with heparin or heparin-like molecules is important for diphtheria toxin binding (Shishido et al., 1995) . However, we noticed in this study that HB2 differed from HB1 in its mitogenic activity; EGF and HB1 showed similar mitogenic activity in BE, BE2, and B108 cells, whereas HB2 was quite a weak mitogen for B108 cells compared with EGF and HB1. Cross-linking experiments indicated that HB2 is defective in its induction of EGFREpoR chimeric receptor dimer formation and therefore fails to activate MAPK and STAT5; in contrast, EGF and HB1 are able to induce chimeric receptor dimer formation under the same conditions. Although HB2 is defective in dimer formation, it seems to retain its ability to induce activation and phosphorylation of preformed EGFR dimers. The finding that pretreatment of B108 cells with a bivalent, but not monovalent, anti-EGFR mAb increases the mitogenic activity of HB2 indicates that the reduced mitogenic activity of HB2 on B108 cells is a result of its deficiency in inducing dimer formation. These results suggest that native EGFR ligands, including EGF and HB-EGF, have both receptor dimerization and receptor activation activities, whereas HB2 has little or no capacity to induce receptor dimerization.
What are the physiological implications of preformed EGFR dimers? As mentioned above, native EGFR ligands are generally able to induce EGFR dimer formation. However, without predimers, dimerization would take longer, because receptor molecules need to move around the cell surface looking for their partner molecules. We have recently observed that EGFR induced tyrosine phosphorylation within 1 minute after the addition of EGF, whereas the EGFR-EpoR chimeric receptor required much longer to induce significant tyrosine phosphorylation (Sako et al., unpublished observations) . Therefore, it is likely that predimers are responsible for the accelerated signal transduction of EGFR. The amounts of EGFR on the in vivo cell surfaces are much smaller than those of the cell lines we used in experiments, so ligand-induced dimer formation would not be efficient. Preformed dimers may also circumvent such disadvantages as the low surface EGFR concentration. As shown in Figure 3 , BE2 cells, which express much smaller amounts of EGFR than BE cells, respond to EGF in the same way as BE cells. It has been reported that in tissue cells, EGFR can still respond to EGF stimulation even when receptor numbers go down to 2000 per cell (Carpenter, 1987) , perhaps suggesting the existence of ligand-independent dimers in vivo. Although cross-linking studies would be ineffective for detecting preformed dimers in cells expressing such low amounts of EGFR, HB2 may be a useful tool to monitor the dimerization states of EGFR.
The present study also provides information regarding the domain of EGFR required for predimer formation. The EGFR-EpoR chimeric receptor does not form a predimer. This chimeric molecule possesses the extracellular and transmembrane domains of EGFR, but the cytoplasmic domain of EGFR is substituted with the cytoplasmic domain of EpoR. Thus, the results indicate that the cytoplasmic domain of EGFR is necessary for ligand-independent dimer formation. The present results are supported by an earlier report that only the extracellular domain of EGFR does not form a dimer without a ligand (Lax et al., 1991) . The extracellular domain of EGFR has a role in the prevention of EGFR autoactivation (Adelsman et al., 1996) , as shown in the platelet-derived growth factor receptor (Uren et al., 1997) . Further studies on truncated EGFR mutants indicate that the region from 835 Ala and 918 Asp of EGFR is required for EGFR predimer formation. This region is included in the kinase domain of EGFR, located close to the ATP binding site, and may regulate the kinase domain orientation (Groenen et al., 1997) . Thus, it suggests the intimate relationship between EGFR predimer formation and its activation. The dual function of this region may also support the "twist model" of EGFR activation, i.e., EGF induces rotation of each molecule of the EGFR predimer, rather than one of simply dimerization (Gadella and Jovin, 1995; Burke and Stern, 1998; Bell et al., 2000) .
The mechanism by which dimers form in a ligand-independent manner remains to be elucidated. It would be possible that another molecule is involved in ligand-independent predimer formation. Although there is no direct evidence identifying such a molecule, proteins such as ZPR1 (Galcheva-Gargova et al., 1996) , which has two identical domains that bind to the cytoplasmic domain of EGFR, may contribute to predimer formation.
